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Abstract 
The irruption of the floating wind energy in the offshore engineering is changing the paradigm of the structural analysis for those
new structures, which are significantly smaller and more slender than those previously existing from the O&G industry and in 
which the most important load is applied around 100m above the mean sea level. Those characteristics require the structural analysis 
to include the dynamic effects over the deformation of the structure, integrating the instantaneous deformation of the structure into 
the nonlinear dynamic finite element analysis (FEA) computation.  
A numerical model which couples the hydrodynamic and aerodynamic effects in a time domain structural analysis, has been 
developed at the UPC. The code integrates the forces exerted by the waves and currents as well as the aerodynamic loads, including 
the wind turbine, and the mooring system. For the hydrodynamic loads, Morison’s equation in combination with the Stoke’s 5th 
order nonlinear wave theory are used to compute the resulting forces. The mooring system is treated in a quasi-static way and the 
aerodynamic loads are computed with FAST. The structure is discretized with one-dimensional beam elements, in which the 
formulation considers small strains as well as large motions. 
The model computes a dynamic time domain nonlinear FEA for FOWT’s, integrating all the effects of the external forces and the 
structural stiffness to obtain the displacements at each point of the structure at each time step. With this approach, the dynamic 
interaction between the wind turbine and the structure, as well as the effects on the internal forces are implicitly considered in the 
formulation. A comparison of the structure motions and internal forces for a concrete spar concept is presented assuming a nonlinear 
rigid body approach and a nonlinear dynamic time-domain FEA. 
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1. Introduction 
The dynamic analysis of floating offshore platforms is a complex problem because most actions are dynamic and 
interact with a flexible structure. Currently, most of the analysis of these structures are performed by means of codes 
which assume a rigid body for the floater and a flexible tower, with its dynamic properties, interacting in the time 
domain. The rigid body approach is commonly accepted for the major part of the offshore structures, in which their 
dimensions and proportions are large enough to neglect both structural dynamic and  second order effects, the latter 
produced by the deformation of the structure. In addition, the most commonly used commercial softwares compute 
the overall motions of the floating structures as rigid bodies and afterwards, the computed loads and accelerations are 
integrated in a linear or nonlinear static FEA. This methodology permits to consider the effects of the structural 
deformations for the internal forces computation, but it does not consider the effects of those deformations in the 
computation of the overall motions of the floating system, which can lead to different internal forces. This effect may 
be relevant in FLS analysis, but also for the ULS, depending on the structure flexibility. 
With the aim of improving the tools for the analysis of floating spar type structures for offshore wind turbines, a 
model which includes the nonlinear FEA for large displacements based on a co-rotational formulation is under 
development at the UPC-BarcelonaTech. The model is able to take into account the wind loads, hydrodynamic loads, 
the elasticity of the full structure and the mooring response. All forces integrated in the time domain. In its present 
stage, the model is working in 2D.  
This paper presents the description of the main features of the model and some detail of its implementation, 
particularly the co-rotational formulation, the dynamic integration scheme, the wind and hydrodynamic loads and the 
moorings. A validation example for the dynamic model with the co-rotational formulation is included. Then, the model 
is used in a parametric analysis for a set of prescribed wind and waves loads and varying the material Young’s modulus 
to compare the effects on the dynamic behavior of the concrete spar concept. Results include the comparison of the 
maximum horizontal displacements at the nacelle, the maximum average inclination of the overall structure and the 
maximum bending moment at the base of the tower. Finally, some conclusions of this preliminary application of this 
model are presented. 
2. The Windcrete concept 
The monolithic concrete spar, he so-called Windcrete [1] , is a prototype 
floating platform for wind turbines developed in AFOSP (Alternative Floating 
Platform Designs for Offshore Wind Turbines using Low Cost Materials) 
within a KIC-InnoEnergy innovation project [2] 
The spar prototype is designed as a monolithic concrete structure from the 
top of the tower to the bottom of the buoy, thus joints are avoided to ensure 
water-tightness and a good fatigue behavior. The structure, for a 5 MW wind 
turbine, is composed of three parts: first, the buoy, composed of a cylinder with 
a diameter of 13 m and a height of 120 m; second, the transition segment, which 
is a cone of 10 m high, these two parts are the submerged ones, therefore the 
total draft of the structure is 130 m. The third part is the emerged tower that 
reaches 87.6 m above the SWL. A sketch of the concept and its hydrodynamic 
characteristics are shown in Figure 1 and Tables 1 and 2. The moorings system 
is connected to the platform at the fairleads located 60 m above the bottom with 
a draft of 70 m, near the Centre of Gravity (COG) to reduce the coupling 
motions between the surge and pitch. 
In this study, the Windcrete is considered to be placed in a 250 m depth sea 
location. The mooring system is configured to provide enough restoring force 
to maintain the platform motion in a relative offset and to prevail over the wave 
WƌŽƉĞƌƚǇ sĂůƵĞ
ŝƐƉůĂĐĞĚsŽůƵŵĞ΀ŵϯ΁ 1.69E+4
ƌĂĨƚ΀ŵ΁ 130.0
ŽŶĐƌĞƚĞŵĂƐƐ΀ŬŐ΁ 8.71E+6
ĂůůĂƐƚŵĂƐƐ΀ŬŐ΁ 7.89E+6
tŝŶĚƚƵƌďŝŶĞŵĂƐƐ΀ŬŐ΁ 3.50E+5
D΀ŵ΁ 53.34
΀ŵ΁ 63.97
DĞƚĂĐĞŶƚƌŝĐŚĞŝŐŚƚ΀ŵ΁ 10.57
Table 1: WindCrete main dimensions 
WƌŽƉĞƌƚǇ sĂůƵĞ
ƌĂĨƚƚŽĨĂŝƌůĞĂĚ΀ŵ΁ 60.0
DĂƐƐƉĞƌƵŶŝƚůĞŶŐƚŚ΀ŬŐͬŵ΁ 150.3
DŽŽƌŝŶŐĚĞƉƚŚ΀ŵ΁ 195
ZĂĚŝƵƐƚŽĂŶĐŚŽƌ΀ŵ΁ 660
>ŝŶĞůĞŶŐƚŚ΀ŵ΁ 732.9
dŽƚĂůĚĞƉƚŚ΀ŵ΁ 265
Table 2: Mooring system properties 
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and wind loads. In order to achieve simplicity in the model, the prototype mooring system is composed of three 
equispaced chain mooring lines with the same cross section. The main properties of the mooring system are shown in 
Table 2. 
3. Nonlinear dynamic numerical model 
A nonlinear dynamic finite element numerical model has been developed to analyze the structural behavior of the 
spar type structure using beam elements in 2D for its discretization. The model assumes small strains but considers 
large displacements.  
3.1. FEM discretization 
Applying the finite element method with cubic shape functions in combination with the elasticity theory and the 
Euler beam theory, the relationship between nodal displacements ex
G
( Figure 2) and the applied loads, ef , can be 
derived by applying the virtual work principle [3]. The FE formulation is briefly presented from (1) to (6), where aˆ
G
is the discretization of the bar displacements a
G
 and N are the interpolation shape functions. From the Euler’s beam 
theory, the curvature F is computed as the 2nd derivative of the transverse displacement w  along the element 
longitudinal axis lx  (Figure 3). The deformation H can be obtained by the addition of the 1st derivative of the axial 
displacement u  along the longitudinal axis and the component induced by the curvature (3).  
For the FE interpolation, matrix B represent the corresponding derivatives of the shape functions by the differential 
operator matrix L to N .  Finally, the stiffness matrix eK  can be computed as (5), where matrix D  is the 
constitutive material matrix from the elasticity theory [4]. 
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Figure 1: Front view of the Windcrete concept
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A consistent co-rotational formulation for dynamic analysis proposed by [5] has been implemented in the numerical 
code to deal with the large rigid body motions. This formulation allows the computation of the equivalent local angles 
with respect a co-rotational frame (7), which is moving attached to the element as shown in Figure 3. The stretch (8) 
is geometrically derived as shown in Figure 4. 
1 1 10
2 2 20
l l
l l
- - D -
- - D -
  
  
  (7) 
Figure 2: Local nodal displacements
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0l cu l l    (8) 
Then, the equivalent local displacements vector, which induces internal stresses at any element can be expressed as 
> @1 20 0 0 Te l l lx u- - 
G
  (9) 
3.2. Dynamic analysis 
The equations of motion of the system (10) are obtained by the application of the Newton’s second law. Thus, the 
d’Alembert’s principle is applied, from which the external, internal and inertial forces should be at equilibrium at each 
time step. Because of the expected rigid body motions of the system, the geometry of the structure is updated at each 
time step, obtaining the corresponding dynamic matrices in global coordinates, while the internal forces, int
teF
G
, acting 
from the previous configuration are computed with the local displacements ex
G
 . The solution of the equations yields 
to an increment of displacements between time steps in global coordinates, being necessary to accumulate them in 
time to compute the global coordinates of each node to obtain the updated position, Post. Matrix 
tT is the standard 
rotation matrix at the current time step, used to update to the new geometry based on E  angle from Figure 3. eM  is 
the diagonal mass matrix, including the rotational moment of inertia of the elements. 
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  (10) 
Since X
G
 refers to global displacements, including rigid body motions, the structural damping matrix eC should only 
affect to the equivalent local displacements velocity vector ex
G .
3.3. Time integration scheme 
For the time integration of the equations of motion,  the Newmark’s method [6] has been implemented. Defining 
the position and velocity as (11) for both local ( x
G
) and global ( X
G
) variables, with 1 2J  and 1 4E  , and after 
the global assembly of the matrices and vectors, the equations of motion can be rewritten as (12), where taQ
G
is a vector 
related to the Newmark’s time integration scheme. 
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As can be observed in the latter equations, the structural damping is treated as an external force. To converge to 
the correct solution, an iterative procedure has been implemented to take into account the updated velocities of the 
Figure 4: Co-rotational stretchFigure 3: Local co-rotational slopes
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local equivalent displacements at each time step. 
Because the floating nature of the structure, the boundary conditions are treated as external forces acting at the 
nodes. The external forces vector 
te
extF
G
includes those boundary condition equivalent forces as well as the 
environmental loads, the hydrodynamic damping effects, wind turbine forces and the self-weight. All of them will be 
presented in the following sections.  
To validate the numerical model, some benchmark tests proposed by [7] were checked. 
4. External forces  
4.1. Buoyancy loads 
The equivalent buoyancy forces acting over the structure are computed by the 3D integration of the pressures acting 
over the structure. To perform the numerical integration of the pressures, a 3D mesh of the external face of the structure 
is used to obtain at each time step the global position of the mesh elements centroids (Figure 5). 
4.2. Hydrodynamic damping 
The slenderness of the floater permits the application of the Morison’s equation, which was validated during the 
test campaign of the WindCrete scaled model in the AFOSP project [8]. According to this approach, different drag 
coefficients are assigned to the transversal and longitudinal directions of the bar element, Cd,T and Cd,L respectively.
The global velocities obtained with the Newmark’s method are divided into the local transversal and longitudinal 
components. Each component is used with the corresponding drag coefficient to compute the drag force, assuming 
that area of influence of each node is that corresponding to the half of the length of the element. 
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The slenderness of the floater permits the application of the Morison’s equation, which was validated during the 
test campaign of the WindCrete scaled model in the AFOSP project [8]. Accordingly, different drag coefficients are 
assigned to the transversal and longitudinal directions of the bar element, Cd,T and Cd,L respectively. 
The global velocities obtained with the Newmark’s method are divided into the local transversal and longitudinal 
components. Each component is used with the corresponding drag coefficient to compute the drag force, assuming 
Figure 5: Buoyancy forces application to FE model
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that area of influence of each node is that corresponding to the half of the length of the element. Then, local drag 
forces are computed as 
^ `
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DH w d
f C A V V i
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   (15) 
These drag forces have to be rotated to the global coordinates and proceed with the global assembly. It is worth to 
note that the exposed area to the longitudinal flow around the cylinder corresponds to the transversal bottom area of 
the structure. 
4.3. Wave loads 
Following the same assumptions as in the case of the hydrodynamic damping forces, wave loads are computed 
assuming that the Morison’s equation is applicable and that the area of influence per node is the same. In the case of 
the volume of the element required for the inertial term of the Morison equation, also the half of the element volume 
is assumed to be related with each node. The water particle kinematics is estimated by applying the Stokes 5th order 
nonlinear wave theory developed by [9], with a prescribed depth of 265m. 
The water kinematics at each node depend of its global position and the water free surface position above the node 
of interest. Then, the forces exerted by the waves can be computed from the water particle kinematics obtained at each 
node of the element and divided to local element directions to compute the local forces as (16). 
^ `
, , , , ,
1
· · · · · 1, 2
2T iW w M i T i w d T i T i T i
f C Vol a C A v v iU U     (16) 
The dynamic pressure over the buoyancy forces are computed in the same way as the hydrostatic buoyancy. 
4.4. Mooring system loads 
Quasi static mooring analysis combines the dynamic analysis in time domain of the platform with the static 
response of the mooring system. This method is widely accepted for not very deep seas where the dynamics of the 
mooring lines are contemptible because it reduces the computational effort.  
4.5. Wind loads 
Only the forces exerted by the wind turbine for a defined wind profile are considered in this work. Then, the drag 
forces due to the interaction between the wind and the tower are neglected. 
The loads exerted by the wind turbine at the yaw bearing are computed with FAST software from NREL. The wind 
turbine considered is the NREL’s 5MW wind turbine [10] –weighting 3500 kN- with the offshore control parameters 
proposed by Jonkman J [11]. The turbine is simulated with the BEM theory while the power regulations are based on 
a pitch control. The windfield is characterized using the TurbSim software also from NREL [12].  
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5. Application to a SPAR structure 
The spar is discretized into 440 bar elements of 0.5m length each one, with an angular discretization of 8 elements 
for the 3D mesh of the external surface. The draft is initially fixed to 130m and, then, also the required amount of 
ballast mass to fit the equilibrium. The ballast mass is consistently added along the elements including the rotational 
inertias. The hydrodynamic added mass is distributed along the bar elements in order to be equivalent to the added 
masses obtained from NEMOH open source code [13]. The floating eigenperiods are analytically obtained, being 
31.4s for the heave motion and 43.9s for the pitch motion. 
A sensitivity study to the Young modulus of the structural material is performed. Three different Young’s modulus, 
E, are considered: (a) standard concrete structure, E=3.7·104 MPa; (b) rigid structure, E=3.7·106 MPa (Rigid body 
assumption) and (c) flexible structure E=3.7·103 MPa.  Each case is analyzed under two different load conditions: 
only wind action with NTM vhub=18m/s and winds and waves aligned with waves of T=14s and H=15m.  
The FFT of the nacelle global X motion, shown in Figure 6, detects the peaks corresponding to buoyancy 
eigenfrequencies, the first structural and the wave frequency. The structural first frequency is 0.7Hz, the same value 
obtained from a simplified modal analysis presented in [1]. 
The nacelle X displacements time-series of the three different moduli are presented in Figure 7¡Error! No se 
encuentra el origen de la referencia., normalized to the rigid body solution. The effect of a more flexible structure 
is clearly noticed. Even though the effect of the structure stiffness becomes significant, the differences between the 
rigid structure and the standard one are small, so the global motions of the system can be quite well predicted by the 
rigid body assumption.  The differences in the global motions –X and inclination- are not very sensitive to the Young 
modulus, while the bending moment presents larger variations. The selection of the time step deserves particular 
attention because the results are sensitive to it. 
Figure 6: FFT For the Wind and Wind&Waves loads. Standard Concrete Young's modulus 
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6. Conclusions 
A dynamic 2D finite element numerical model specifically develop for analyzing spar platforms supporting 
FOWT’s and its dynamic validation have been presented.  
In order to assess the relative influence of the dynamic second order effect on the structure, a set of three different 
Young moduli has been employed in combination with a prescribed wind and wave loads. The motions and deflections 
at the nacelle and forces at the base of the tower are compared. The concrete structure subjected to the combined 
action of wind and waves presents 2% larger peak inclination than the rigid body while the more flexible material 
produces a 16% larger inclination.  
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Figure 7: Normalized nacelle motion time-series for different values of the Young's modulus 'E'.  
